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Christopher R. Trotta, Feng Miao,* 1994). So while tRNA splicing occurs in all three king-
doms, the mechanism for this process is not conserved.Eric A. Arn,² Scott W. Stevens,
Major questions regarding the origin of tRNA intronsCalvin K. Ho, Reinhard Rauhut,³
and the relationship between the disparate enzymaticand John N. Abelson
machineries required for their removal therefore remain.Division of Biology
Do the different splicing mechanisms reflect indepen-California Institute of Technology
dent origins or a single origin and later divergence? ThePasadena, California 91125
results of this work together with those in the accompa-
nying papers of Di Nicola Negri et al. (1997 [this issue
of Cell]) and Kleman-Leyer et al. (1997 [this issue ofSummary
Cell]) provide new insight into the origin of the tRNA
splicing machinery.The splicing of tRNA precursors is essential for the
Much of our knowledge of the mechanism of eucary-production of mature tRNA in organisms from all major
otic tRNA splicing comes from studies in Saccharo-phyla. In yeast, the tRNA splicing endonuclease is re-
myces cerevisiae. The S. cerevisiae genome containssponsible for identification and cleavage of the splice
272 tRNA genes of which 59, encoding ten differentsites in pre-tRNA. We have cloned the genes encoding
tRNAs, contain introns (C. R. T., unpublished data).all four protein subunits of endonuclease. Each gene
These introns are 14±60 bases in length, and all interruptis essential. Two subunits, Sen2p and Sen34p, contain
the anticodon loop immediately 39 to the anticodon (Og-a homologous domain of approximately 130 amino
den et al., 1984). Splicing of introns from precursor tRNAacids. This domain is found in the gene encoding the
(pre-tRNA) is accomplished through the action of a site-archaeal tRNA splicing endonuclease of H. volcanii
specific endonuclease, an RNA ligase, and a phospho-and in other Archaea. Our results demonstrate that
transferase. The tRNA splicing endonuclease (referredthe eucaryal tRNA splicing endonucleasecontains two
to herein as ªendonucleaseº) cleaves pre-tRNA at thefunctionally independent active sites for cleavage of
59 and 39 splice sites to release the intron. The productsthe 59 and 39 splice sites, encoded by SEN2 and SEN34,
of the endonuclease reaction are an intron and two tRNArespectively. The presence of endonuclease in Euc-
half-molecules bearing 29,39cyclic phosphate and 59-OHarya and Archaea suggests an ancient origin for the
termini (Peebles et al., 1983). tRNA ligase covalentlytRNA splicing reaction.
joins the half-molecules through a complex series of
ATP- and GTP- dependent reactions (Westaway et al.,Introduction
1988; Belford et al., 1993; Westaway et al., 1993). After
ligation, a 29 phosphate remains at the splice junctionAlthough RNA splicing is a required step for gene ex-
and is removed by a specific phosphotransferasepression in all three taxonomic kingdoms, at least four
(McCraith and Phizicky, 1991; Culver et al., 1993).different mechanisms of splicing have evolved. The
Figure 1A summarizes the conserved features of themost primitive mechanism, autocatalytic self splicing of
ten yeast pre-tRNAs containing introns (as depicted byGroup Iand Group II introns, involves two phosphotrans-
Lee and Knapp, 1985). There are no conserved se-fer reactions (Cech, 1993). Pre-mRNA splicing requires
quences at the splice sites, but the intron is invariablyATP hydrolysis and more than 100 proteins, but it pro-
located at the same site in the gene, placing the spliceceeds via the same chemical mechanism used by Group
sites an invariant distance from the constant structuralII introns, suggesting that it is also RNA catalyzed and
features of the tRNA body. This conserved placementthat it shares a common origin with Group II intron splic-
implies that recognition of the splice sites may be ac-ing (Moore et al., 1993; Madhani and Guthrie, 1994). In
complished via interaction with the mature tRNA do-contrast to these RNA-catalyzed reactions, splicing of
main. The hypothesis that the endonuclease measureseucaryotic tRNA introns occurs by a mechanism involv-
the distance from the mature domain to the splice sitesing three protein enzymes (Winey and Culbertson, 1989;
to correctly place cleavages (Figure 1B) was confirmedAbelson, 1991; McCraith and Phizicky, 1991). In the
by experiments inwhich insertions in theanticodon stemarchaeal kingdom, tRNA splicing proceeds by a similar
of pre-tRNA that changed the distance between theprotein-based enzymatic mechanism, but this splicing
mature domain and the splice sites resulted in a predict-
is distinct by a number of functional criteria (Thompson
able shift of the cleavage sites (Reyes and Abelson,
et al., 1989). Splicing of all known prokaryotic tRNA
1988). Further evidence for a strict measuring mecha-
introns occurs via the primitive autocatalytic mechanism
nism was provided by the fact that an artificial tRNA
(Reinholdhurek and Shub, 1992; Biniszkiewicz et al.,
intron composed almost entirely of uridine residues was
spliced correctly in the yeast system (Reyes and Abel-
*Present Address: Beckman Research Institute of the City of Hope, son, 1988).
1450 E. Duarte Rd., Duarte, California 91010. The intron is not, however, completely passive in the²Present Address: Department of Cell Biology, Harvard Medical
recognition of the splice sites. The Xenopus tRNA endo-School, Boston, Massachusetts 02115.
nuclease has been shown to recognize a crucial struc-³Present Address: Justus Liebig UniversitaÈ t Giessen, Institut fuÈ r
tural element in tRNA introns (Baldi et al., 1992). YeastMikrobiologie und Molekularbiologie, Frankfurter Strasse 17, 35392
Giessen, Germany. tRNA introns contain a conserved purine residue three
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nucleotides upstream of the 39 splice site. This base (splicing endonuclease 2) gene found by Winey and
Culbertson (1988) in their search for yeast tRNA mutantsmust be able to pair with a pyrimidine at position 32 in
the anticodon loop for the intron to be recognized by defective in tRNA splicing in vitro. At the nonpermissive
temperature, sen2-3 accumulates ª2/3º pre-tRNA mole-either yeast or Xenopus endonuclease (Figure 1A) (Baldi
et al., 1992; Di Nicola Negri et al., 1997). These data cules cleaved at the 39 splice site only (Ho et al., 1990),
strongly suggesting that Sen2p is a component of endo-suggested that there could be different requirements
for the recognition of the 59 and 39 splice sites. More nuclease. In this paper, we report the cloning of the
SEN2 gene by complementation of the sen2-3 mutantrecent evidence in this paper and the accompanying
paper by Di Nicola Negri et al. (1997) supports the hy- and the determination of its nucleotide sequence (Gen-
Bank accession #M32336). Analysis of the amino acidpothesis that the endonuclease contains two indepen-
dent active sites with different substrate recognition sequence of Sen2p reveals the presence of a probable
transmembrane sequence between residues 225 andmechanisms.
The mechanism of intron removal in tRNA splicing 243 (Figure 2B). During purification, endonuclease be-
haves as a membrane-bound enzyme (Rauhut et al.,has also been investigated through purification of the
endonuclease enzyme from yeast (Rauhut et al., 1990). 1990). None of the other subunits (see below) contain a
convincing transmembrane sequence, so it is possibleEndonuclease behaves as a membrane-bound protein
present in a low abundance of z100 molecules per cell that Sen2p is the subunit that anchors the endonuclease
complex to the nuclear membrane. Sen2p also contains(Rauhut et al., 1990). The purified enzyme was seen to
contain three subunits of 54, 44, and 34 kDa and, as we a domain predicted to form a canonical antiparallel
coiled-coil structure between residues 122 and 184 (Fig-report here, a fourth subunit of 15 kDa. The molecular
weight of the holoenzyme as judged by gel exclusion ure 2B). Sequencing of the mutant sen2-3 allele reveals
a single point mutation causing the change of glycinechromatography implies that the enzyme is an abgd
tetramer. In this paper, we report the primary sequences 292 to glutamate (Figure 2B).
of all four of the endonuclease subunits. Analysis of the
peptide sequence of the endonuclease subunits pre-
A New Purification Strategy for the tRNAsented here sheds light on the architecture of the en-
Splicing Endonucleasezyme and on its possible interactions with other compo-
We had previously developed a chromatographic proce-nents of the nucleus.
dure for the purification of endonuclease that resulted inThe pre-tRNAs of Archaea are similar to those of Euc-
homogenous enzyme (Rauhut et al., 1990) and providedarya in that they contain introns that must be removed
sufficient material for the characterization of two of theby protein enzymes in trans. Superficially, these introns
endonuclease subunits. However, this procedure wasare similar to yeast tRNA introns in that they are often
(though not always) located in the anticodon loop. Re-
moval of tRNA introns by either eucaryal or archaeal
endonucleases yield 29,39 cyclic PO4 and 59-OH termini.
Studies of removal of tRNA introns in Archaea have,
however, shown notable differences between the yeast
and archaeal tRNA endonucleases. Yeast pre-tRNAs are
not substrates for the Haloferax volcanii endonuclease
(Palmer et al., 1994), and the mature domain of a Halo-
bacterium volcanii pre-tRNA is not required for correct
excision of the intron (Thompson and Daniels, 1988).
Rather, archaeal tRNA splice sites must be located in
bulged loops separated by a helix of four base pairs
(Figure 1C). This evidence would seem to suggest a
different origin of the splicing process in these two king-
doms. The results presented here, however, together
with those in the accompanying paper by Kleman-Leyer
et al. (1997), establish that two of the yeast endonucle- Figure 1. Conserved Sequence and Structure Elements of Yeast
Pre-tRNA and Archaeal Minimal Pre-tRNAase subunitsdefine a gene family that includes the single
homodimeric 40 kDa H. volcanii endonuclease as well (A) A composite, modified from Lee and Knapp (1985), of yeast pre-
tRNA sequences (Ogden et al., 1984). (X) 5 unconserved base in aas related genes from other Archaea. We discuss the
region of variable length or secondary structure; (O) 5 an uncon-evolutionary and mechanistic implications of these
served base in a region of conserved secondary structure. (G), (C),findings.
and (A) indicate conserved bases conserved among pre-tRNAs. (Y)
and (R) 5 conserved pyrimidines and purines, respectively. The
conserved intron±anticodon tertiary interaction is depicted by a line
Results between the conserved R and Y bases.
(B) Taken from Reyes and Abelson (1988). Presumed tertiary struc-
ture of pre-tRNAPhe (from Lee and Knapp, 1985). Endonuclease isThe Gene for the 44 kDa Subunit, SEN2
proposed to interact with the mature domain and measure the dis-Our primary goal in the characterization of the yeast
tance to the two splice sites.tRNA splicing endonuclease has been to clone the
(C) A composite of archaeal pre-tRNA sequences, modified from
genes for each of the subunits of this enzyme. We pre- Thompson and Daniels (1988). Position designations are as in (A).
viously reported the isolation and characterization of This represents the minimal substrate for cleavage by the archaeal
endonuclease.the cold-sensitive sen2-3 mutation, an allele of the SEN2
tRNA Splicing Endonuclease of Yeast
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Figure 2. Affinity Purification of Endonuclease from Yeast Allows Isolation of the Genes Encoding the Four Subunits of the Endonuclease
(A) Purification procedure for isolation of affinity-tagged endonuclease from yeast strain CRT44 (see Experimental Procedures for details).
(B) Primary amino acid sequence of each of the endonuclease subunits depicted graphically. Closed boxes represent bipartite or basic nuclear
localization sequences. Hatched box in Sen2p and Sen34p represents the homologous region between these two subunits and endonuclease
from Archaea (see text for details). Boxed (C) in Sen2p represents putatative coiled-coil as predicted by COILS progam of Lupas et al. (1991).
Dot above Sen2p represents G292E mutation. Shaded box in Sen2p represents putative transmembrane domain as predicted using the Kyte-
Doolittle algorithm and a window of 19 amino acids.
(C) Left panel: silver stained gel of lane A, 0.5 mg of affinity tagged endonuclease purified as in Figure 2A; lane R, 0.5 mg of endonuclease
purified by Rauhut et al. (1990). (MW) represents molecular weight standards (Novex), which are labeled in kilodaltons. Duplicate blots of gel
from left panel were probed with 1:500 dilution of antibodies to Sen54p, Sen2p, Sen34p, and Sen15p, respectively.
extremely time consuming and gave a low yield of en- revealed that both preparations contain proteins of 54,
44, and 34 kDa (cf. lanes A and R, Figure 2C), althoughzyme. We have developed a highly efficient affinity purifi-
cation procedure for large-scale preparation of the en- the 44 kDa band in lane A has a lower mobility due to
its affinity tag (the molecular weights of the proteinszyme based on the cloned SEN2 gene.
The SEN2 gene was modified by addition of an amino- are designated here as determined by comparison with
markers in gradient gel electrophoresis). Both prepara-terminal peptide tag consisting of 8 histidine residues
followed by the 4 residue FLAG epitope. This gene, tions contained, in addition, a fourth band with an appar-
ent molecular weight of 15 kDa. This band would havecloned in a yeast 2m vector, complemented the haplo-
lethal phenotype of a SEN2 deletion, proving that the run with the dye front in our original procedure. The
fact that all four proteins are present in stoichiometricaffinity tag did not affect the activity of Sen2p in vivo.
The complemented sen2 deletion strain, CRT44, was amounts in endonuclease purified by different purifica-
tion procedures and that all four proteins cosedimentused as a source of tagged enzyme for purification by a
procedure utilizing standard chromatographic methods in glycerol density gradients (data not shown) strongly
suggests that all four polypeptides are subunits of theand two specific affinity steps, as diagrammed in Figure
2A. This rapid procedure resulted in an efficient (10%± enzyme. The molecular mass of the enzyme as mea-
sured by gel filtration chromatography in our earlier20%) yield of 5 mg of pure enzyme per 150 grams of
cells. study was 140 kDa (Rauhut et al., 1990). With the fourth
subunit, the predicted mass of a 1:1:1:1 endonuclease
complex is 146 kDa, very close to the observed molecu-A Fourth Subunit in the tRNA
Splicing Endonuclease lar mass. It is therefore likely that thesubunit constitution
of this enzyme is abgd.Pure endonuclease preparations had previously been
characterized by SDS±PAGE and silver staining, which
detected three subunits with apparent molecular masses The Genes for the 34 kDa, 54 kDa, and 15
kDa Subunitsof 51 kDa, 42 kDa, and 31 kDa (Rauhut et al., 1990). To
compare endonuclease purified by the affinity method Purified endonuclease (50 mg) produced by the original
Rauhut procedure was fractionated by SDS±PAGE, andto that obtained in ouroriginal purification, we employed
a high resolution gradient gel procedure. This procedure individual bands were excised from the gel and digested
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and Robbins et al. (1991) (Figure 2B, closed boxes).
Chromosomal disruptions of each of the four endonucle-
ase subunit genes are lethal in haploid yeast cells, indi-
cating that all of their gene products are essential for
vegetative growth, and most likely for the tRNA splicing
process (data not shown).
Antibodies to the Subunits of Endonuclease
To unambiguously determine that each of these genes
encodes a subunit of endonuclease, we prepared poly-
Figure 3. Two-Hybrid Matrix Analysis of Endonuclease Subunits clonal antisera specific for each of the four gene prod-
Activation of histidine reporter gene by various hybrid combinations ucts expressed in E. coli. A Western blot experiment
of Gal4 binding domain and Gal4 activation domain to the subunits of
was performed inwhich purified endonuclease was frac-endonuclease. Reporter strain was transformed, and then duplicate
tionated by SDS±PAGE and individually probed with an-colonies from each were picked to a new selective plate. This plate
tisera specific for each of the four gene products. Aswas then replica plated to plates lacking histidine and containing 5
mM 3-aminotriazole (to suppress background growth) to determine shown in Figure 2C, probing of endonuclease purified
activation of the reporter gene. by the affinity procedure (lane A), and endonuclease
purified by the Rauhut procedure (lane R), reveals that
each of the antisera reacts specifically with the appro-
with lysyl-protease. A peptide resulting from digestion priate polypeptide. The antibody to Sen15p was pro-
of the 34 kDa subunit yielded the sequence FIAYPGDPL duced to a histidine/FLAG-tagged antigen, and as can
RFX(R?)XLTIQ, uniquely found in the open reading frame be seen, the polyclonal antisera also contains antibodies
(ORF) YAR008w on S. cerevisiae chromosome I. This to the affinity tag present on Sen2p and an apparent
ORF encodes a protein with a predicted molecular degradation product of Sen2p (Figure 2C, lane A; com-
weight of 34 kDa. We have renamed this gene SEN34. pare a-Sen15 to a-Sen2). Since the two preparations of
Further evidence described below confirms that this pure endonuclease were prepared by different purifica-
protein is the 34 kDa subunit of the endonuclease. tion protocols, these results strongly support the con-
Endonuclease (5 mg) purified by the affinity method clusion that each of these four genes encodes a subunit
described above was also fractionated by SDS±PAGE, of endonuclease.
and the 54 kDa band was digested with lysyl-protease.
One unambiguous peptide sequence was obtained,
Two-Hybrid Analysis of the Four SubunitsNDDLQHFPTYK, which matches the sequence encoded
of Endonucleaseby ORF YPL083c of S. cerevisiae chromosome XVI. This
To begin to understand the functional interactions of467 amino acid protein has a predicted molecular weight
the endonuclease subunits, we have tested the fourof 54 kDa. We have renamed this gene SEN54. Sen54p
subunit genes in a two-hybrid matrix experiment. Eachis overall a very basic protein (pI 5 9.5) that also contains
of the four genes was translationally linked to eitherseveral highly acidic regions. Further evidence de-
a DNA-binding or transcriptional activation domain forscribed below confirms that this protein is a subunit of
analysis in the Fields two-hybrid system (Fields andendonuclease.
Song, 1989; Bartel and Fields, 1995). Figure 3 showsUsing a variation of the affinity purification method
the results of combinatorial expression of subunit gene(see Experimental Procedures), several micrograms of
pairs using rescue of histidine auxotrophy as an assaypure 15 kDa subunit were prepared from SDS±PAGE±
of interaction. Two interactions were detected in vivo:fractionated endonuclease and analyzed by trypsin di-
interaction between Sen2p and Sen54p, and betweengestion, followed by LC-MS/MS analysis resulting in
Sen34p and Sen15p. The reciprocal interaction betweenidentification of three peptides, two of which were identi-
Sen2p and Sen54p did not activate expression, indicat-cal (except for a possible acetylation modification of
ing that this interaction is sensitive to the orientation ofthe methionine) to the peptide sequence MATTDIISLVK,
the subunits relative to the binding domain/activationsuggesting that this peptide is the amino terminus of
domains. Equivalent results were obtained with athe protein (K. Swiderek, personal communication). The
b-galactosidase reporter gene (data not shown). Thus,two unique peptides are found in the protein encoded
we have observed interactions between Sen34p andby ORF YMR059w on chromosome XIII. This ORF poten-
Sen15p and between Sen2p and Sen54p, but the othertially encodes a protein of 17 kDa. However, if the methi-
possible pairwise interactions were not observed.onine codon at position 20 in this ORF is the translation
start site for this protein, as suggested by the MS/MS
analysis, the resulting protein would be predicted to Sen2p and Sen34p Are Members of a Gene
Family of Endonucleaseshave a length of 124 amino acids with a molecular weight
of 15 kDa, in agreement with the size determined by A search of the GenBank database (version 97) for se-
quences similar to the four endonuclease subunit genesSDS±PAGE. We have renamed this gene SEN15. Further
evidence described below confirms that this protein is did not reveal any potential homologs. However, similar-
ity was detected between the Sen2 and Sen34 proteinsa subunit of endonuclease.
Sequence analysis of all four subunits revealed the themselves (see Figure 2B). The similarity occurs in a
region of approximately 130 amino acids (see below). Apresence of basic and bipartite nuclear localization se-
quences of the type described by Kalderon et al. (1984) sequence profile of the region of similarity between
tRNA Splicing Endonuclease of Yeast
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Figure 4. Sequence Alignment between the
Archaeal Endonucleases and Two Subunits
of the Yeast Endonuclease Identifies a Family
of tRNA Splicing Endonucleases
Sequence alignment between endonuclease
identified by Daniels and coworkers from
H. volcanii and M. thermoautotrophicum,
endonuclease from M. jannaschii, putative en-
donuclease from P. aerophilum, putative endo-
nuclease from Z. mays, and two subunits,
Sen34p and Sen2p, of the yeast tRNA splicing
endonuclease. Sequence alignment was per-
formed using the GCG program Pileup.
these proteins was used to search the translated Gen- Sen34p is homologous to Sen2p and to the archaeal
endonucleases we predicted that the Sen34p containsBank database and was found to match one sequence,
a 205 amino acid ORF contained in a presumed intron the active site for 39 splice site cleavage. This prediction
led to the model shown in Figure 5 in which the 59 spliceof an HMG-like gene of Zea mays (Yanagisawa and Izui,
1993). site is cleaved by Sen2p and the 39 splice site by Sen34p.
This model clearly predicts that endonuclease con-C. Daniels and colleagues have determined the nucle-
otide sequence of the gene for the tRNA splicing endo- taining a mutant Sen34p subunit should fail to cleave
the 39 splice site of pre-tRNA while retaining full activitynuclease of the Archaea H. volcanii and Methanobacter-
ium thermoautotrophicum (Kleman-Leyer et al., 1997). in cleavage of the 59 splice site. To test this prediction,
we changed the conserved histidine at position 242 ofHomologs of this gene occur in other Archaeon, Pyroba-
culum aerophilum and Methanococcus jannaschii (Bult SEN34 to an alanine residue (H242A). Extrachromo-
somal expression of a HIS/FLAG-tagged mutant Sen34pet al., 1996). To determine if the M. jannaschii homolog
is a functional homolog of the H. volcanii endonuclease, H242A in wild-type haploid cells had a dominant delete-
rious effect, increasing the doubling time from 2.5 hr tothe gene product was expressed in E. coli, purified, and
shown to cleave intron-containing archaeal pre-tRNAs 6 hr in minimal media. Extrachromosomal expression of
wild-type Sen34p in the same strain had little or no effect(C. R. T., unpublished data). Interestingly, the endonu-
cleases of the Archaea align with the yeast endonucle- on growth. Endonuclease was purified from each of
these strains by the affinity purification method de-ase subunits, Sen2p and Sen34p, and the ORF of Z.
mays (Figure 4). In all, with sequences for seven mem- scribed in the Experimental Procedures to select only
endonuclease complexes containing the tagged Sen34pbers of this gene family available, a convincing homolo-
gous core domain of 50 amino acids is now apparent subunit. tRNA splicing assays were performed with en-
donuclease containing wild-type Sen34p and Sen34pwith lesser regions of homology extending over 130
amino acids. H242A. Endonuclease containing affinity-tagged wild-
type Sen34p cleaves pre-tRNAPhe normally, indicating
Two Active Sites in Endonuclease
The sequence similarity between Sen2p and Sen34p
suggests that these proteins have a similar function. It
seems that this function is very likely to be the catalysis
of tRNA cleavage, since theseproteins belong toa family
that includes thehomodimeric tRNA splicing endonucle-
ase of H. volcanii. Interestingly, members of the endonu-
clease family found in thegenomes of M. thermoautotro-
phicum and M. jannaschii are both small proteins made
up entirely of the sequence domain found in the yeast
and H. volcanii endonucleases. This further supports the
notion that the sequence alignment reveals the catalytic
core of the endonuclease enzyme. Previous results have
indicated that Sen2p carries the active site for 59 splice
site cleavage. Ho et al. (1990) showed that the sen2-3
Figure 5. Two Active Site Model for Cleavage of Pre-tRNA by Yeastmutation results in endonuclease that is defective in
tRNA Splicing Endonucleasecleavage only at the 59 splice site of tRNA precursors
Yeast pre-tRNAPhe tertiary structure is depicted with a schematicin vivo (Ho et al., 1990). As reported here, the glycine-
diagram of the yeast endonuclease. In this model, Sen2p andto-glutamate change in this allele is located at position
Sen34p each contain an active site for cleavage of the 59 and 39292, within the domain conserved between the eucaryal
splice sites, respectively. The Sen2p±Sen54p and Sen34p±Sen15p
and archaeal endonucleases. This residue itself is not interactions, detected in the two-hybrid analysis, are depicted as
conserved in the endonuclease family, as perhaps ex- well as the potential tRNA recognition mediated by Sen54p (see
text for details).pected for a conditional lethal mutation. Given that
Cell
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Additional support for the model shown in Figure 5 is
derived from previous work on the Xenopus endonucle-
ase, in which it has been shown that the two cleavage
sites in yeast tRNA precursors have different properties.
The Xenopus tRNA splicing endonuclease recognition
of the 39 splice site requires a base pair between a purine
located 3 bases upstream of the 39 splice site and the
conserved pyrimidine at position 31 in the anticodon
loop (the A-I base pair) (Baldi et al., 1992). Cleavage at
the 59 splice site requires only a purine as the adjacent
59 nucleotide. It is conceivable that different specificities
in cleavage could be obtained by a conformational
change in a single active site occurring between cleav-
Figure 6. tRNA Splicing Activity of Sen34p H242A-Containing Endo- age reactions. For this to occur, one might expect an
nuclease obligatory reaction pathway, i.e., cleavage at a primary
Yeast pre-tRNAPhe was incubated without endonuclease (pre) or with site followed by cleavage at the second site. However,
endonuclease purified from HIS/FLAG-tagged Sen2p (WT), HIS/ we have shown that the yeast endonuclease can and
FLAG-tagged wild-type Sen34p (Sen34p), or HIS/FLAG-tagged
does cleave the 59 and 39 splice sites in a random orderSen34p H242A (Sen34p H242A) expressing yeast. Pre-tRNA was
(Miao and Abelson, 1993).incubated for 5, 10, and 15 minutes, and the resulting cleavage
More recently, the accompanying paper by Tocchini-products (shown to the right) were fractionated on a 10% polyacryl-
amide gel. The amount of endonuclease used in each time course Valentini's laboratory has shown that accurate 39 splice
was similar based on silver staining (wild-type enzyme was used at site cleavage does not require the mature tRNA domain
1003 concentration to allow for complete digestion of pre-tRNA). of the pre-tRNA (Di Nicola Negri et al., 1997). A small
substrate containing only an intron and anticodon stem
is cleaved by the Xenopus endonuclease at the 39 splice
that the affinity-tagged enzyme functions as wild-type site but not at the 59 splice site. While both splice sites
endonuclease (Figure 6). At the low enzyme concen- inan intact pre-tRNA are subject to themeasuring mech-
trations used in this experiment, a slight accumulation anism, it appears that only the 59 splice site absolutely
of a 2/3 molecule consisting of the intron joined to the requires this mechanism.
39 exon, derived from cleavage at the 59 splice site only, The H. volcanii tRNA splicing endonuclease cleaves
is normally seen (Miao and Abelson, 1993). In con- with the same general mechanism as the eucaryal endo-
trast, endonuclease containing Sen34p H242A shows a nuclease, producing 29,39 cyclic PO4 and 59-OH termini,
marked accumulation of 59 exon and the intron-39 exon but has a different splice site recognition mechanism
2/3 molecule. There is a nominal amount of 39 exon and and fails tocleave yeast pre-tRNAs (Thompsonand Dan-
intron product, but we cannot determine if this is derived iels, 1988, 1990). The mature tRNA domain is not a re-
from retention of some 39 splice site cleavage activity quirement for the archaeal endonuclease. Archaeal
in Sen34p H242A or from the presence of some wild- tRNA splice sites are located in bulged regions sepa-
type endonuclease in the purified mutant extract. How- rated byfour helical base pairs (Figure1C). In theaccom-
ever, the assay clearly demonstrates that endonuclease panying paper by Kleman-Leyer et al. (1997), the H.
containing Sen34p H242A is, as predicted by the model, volcanii endonuclease is shown to existas a homodimer,
impaired in 39 splice site cleavage. and thus contains two active sites. The view that each
of these active sites is functional is strengthened by the
Discussion evidence presented here for two distinct active sites in
the yeast endonuclease. However, because of the near
Yeast tRNA Endonuclease Contains symmetry of the archaeal splice site structure, we can-
Two Active Sites not rule out that a single active site could act inter-
The sequence similarity between Sen2p and Sen34p changeably. Interestingly, most archaeal pre-tRNAs ap-
and their homology to the archaeal tRNA splicing endo- pear to contain theconserved A-I base pair of eucaryotic
nucleases implied that each of these two subunits con- pre-tRNAs in the context of the four base pair stem
tains an active site for tRNA cleavage. As described separating the bulged loops of the splice sites. In this
above, endonuclease containing Sen34p H242A ap- regard, the requirements for 39 splice cleavage are more
pears to be significantly impaired for 39 splice site cleav- similar between Archaea and Eucarya than are those
age, but 59 splice site cleavage occurs normally. A com- for 59 splice site cleavage. In both kingdoms the splice
plete blockage of 59 splice site cleavage was seen in site must be in a single-strand bulge near a base-paired
endonuclease containing sen2-3 (Ho et. al., 1990). These element (in the eucaryotic pre-tRNAs, it is the A-I base
results taken together provide strong support for the pair).
model in Figure 5, indicating that the yeast tRNA splicing
endonuclease contains two distinct, functionally inde-
pendent active sites. Sen2p contains the active site for Subunit Interactions in Endonuclease
In a complete matrix of two-hybrid interactions betweencleavage at the 59 splice site and Sen34p contains the
active site for cleavage at the 39 splice site. We are the four subunits of endonuclease, strong interactions
were seen only between the Sen2p and Sen54p pair andcurrently undertaking a more extensive mutagenesis of
SEN34 and SEN2 to generalize these results. the Sen34p and Sen15p pair. Since all four subunits
tRNA Splicing Endonuclease of Yeast
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remain tightly associated through two different purifica- Sen54p and Sen15p play a role in splice site selection?
Can the active site subunits function in conjunction withtion regimens, it seems likely that there are also interac-
tions between the two presumed heterodimers. These other protein subunits, thereby modifying endonuclease
specificity for other RNA processing reactions? We areinteractions, however, would not be detected in a two-
hybrid experiment if they exist only within the context now able to begin to address these questions.
A further complexity of the evolution of the tRNA splic-of the intact enzyme, or if three of the subunits are
required for the interaction. The involvement of each ing process is indicated by the lack of a yeast tRNA
ligase (or T4 RNA ligase) homolog in the entire M. jan-of the active site subunits in a specific heterodimeric
interaction suggests that the different specificities of naschii genome (Bult et al., 1996; C. R. T. and E. A. A.,
unpublished data). Interestingly, several archaeal ge-the two active sites may be determined by these interac-
tions. For example, the measuring mechanism, seen nomes contain a clear homolog of a bacterial RNA ligase
that can form a 29-59 linkage when joining tRNA half-primarily in the recognition of the 59 splice site, may be
determined through the interaction between Sen2p and molecules derived from endonucleolytic cleavage of
yeast pre-tRNAs (Greer et al., 1983; Arn and Abelson,Sen54p, as indicated in Figure 5. Sen54p is a very basic
protein and as such might be expected to interact with 1996). The complete ligation mechanism for archaeal
tRNA splicing has not yet been determined, but it hasthephosphate backboneof thepre-tRNA substrate, pre-
sumably in the mature tRNA domain. Sen15p could be been demonstrated that an RNA splicing ligase activity
present in H. volcanii extracts does not require ATP orprimarily responsible for the recognition of the A-I
basepair. exogenous phosphate (R. Gupta, personal communica-
tion). The E. coli 29-59 RNA ligase is the only known
RNA ligase activity that does not require a nucleotide
Evolutionary Implications of the tRNA Splicing triphosphate cofactor (Arn and Abelson, 1996). We are
Endonuclease Gene Family presently attempting to ascertain whether the archaeal
The existence of homologous tRNA splicing endonucle- 29-59 RNA ligase homolog functions in tRNA splicing in
ase genes in Eucarya and Archaea suggest that this vivo.
enzyme was present in their common ancestor. Since
endonuclease participates in tRNA splicing in both Eu- Experimental Procedures
carya and Archaea, it seems likely that the original func-
Yeast Methodstion of this enzyme was the same. The discussion of the
Yeast were transformed by the lithium acetate procedure (Gietz andtime of appearance of introns in evolution has been a Schiestl, 1995). Yeast minimal media (SD) contained Bacto yeast
lively one, and it is safe to say that a consensus has not nitrogen base without amino acids (YNB 2 aa, 6.7g/l), dextrose (2%
emerged. The simplest hypothesis consistent with the w/v), and a supplemental amino acid mix (Bio101) lacking various
amino acids for auxotroph selection. All other yeast media weredata presented here and in the accompanying papers
prepared according to Sherman et al. (1986). For fermentationis that the function of endonuclease in the common
growth of CRT44, SD-histidine-tryptophan, prepared as describedeucaryal-archaeal ancestor was the removal of introns
above, was used and supplemented with 25 mg/ml Kanamycin. Thefrom tRNA. A less parsimonious hypothesis is that the
fermentation was fed using SD 1 103-histidine-tryptophan amino
tRNA splicing function of this enzyme evolved indepen- acid mix with constant flow for 24 hr.
dently in both kingdoms from an earlier, more general- Two-hybrid strains were obtained by a generous gift from P. Bartel
of S. Fields laboratory and are described in Table 1. All two-hybridized RNA processing function. In some present-day
techniques used are described by Hannon et al. (1995). Plates usedArchaea, the tRNA splicing endonuclease can appar-
for analysis contained 5 mM 3-aminotriazole that suppressed back-ently also function to remove introns from ribosomal
ground growth associated with histidine reporter assay (HannonRNA (Kjems and Garrett, 1985; Kjems et al., 1989; Burg-
and Bartel, 1995).
graf et al., 1993). Recently, Walter and coworkers have
detected an intron in a yeast transcription factor gene Strains
E. coli strains utilized include HB101 and XL1-Blue (Novagen) andthat is not processed by the normal mRNA spliceosomal
DH5 (GIBCO-BRL). S. cerevisiae strains are described in Table 1.machinery (Cox and Walter, 1996; Sidrauski et al., 1996).
Knockout strains YPH274DSEN2 and CRT54 were created utilizingThey have demonstrated that tRNA ligase is involved in
methods described in Guthrie and Fink (1991). Knockout strains ofthe splicing of this intron, but the tRNA splicing endonu-
SEN15 (CRT15) and SEN34 (CRT34) were created utilizing methods
clease has not yet been implicated. Clearly, members and plasmids generously obtained from and described by Wach
of this family of proteins have a number of functions, (1996). All knockouts were confirmed by PCR analysis, and each
knockout was complemented with the corresponding ORF only.but it is not yet possible to determine which are original
Strain CRT44 was prepared by transforming YPH274DSEN2pC10and which have been co-opted later in evolution.
with YpH8/FLAG SEN2, plating on selective media (SD-His-Trp-Ura),Although the endonuclease active site is apparently
and streaking out isolates on selective media (SD-His-Trp) 1 5 FOAa very primitive protein domain, it is clear that its sub-
to select for loss of pC10 (URA3 CEN/ARS).
strate specificity has been altered in evolution because
the recognition of the splice sites is different in Eucarya Plasmid Preparation
All restriction enzymes used were obtained from New England Bio-and Archaea. We speculate that the peculiarities of the
Labs and Boehringer Mannheim and used in accordance with theeucaryal system are in part explained by the heterodi-
manufacturers' instructions. Restriction digests, DNA ligations, andmeric interaction of the divergent subunitsÐSen2p with
electrophoresis of DNA were performed by standard methods ofSen54p and Sen34p with Sen15p. Many fascinating
Sambrook et al. (1990).
questions remain concerning this evolutionary special- pC10 was prepared by subcloning an EcoRV/EcoRI fragment of
ization. Since Sen54p and Sen15p have no known DNA derived from the YcP50 sen2-3 complementing clone, into
the vector pRS416 (URA3)(Sikorski and Hieter, 1989). This fragmenthomologs, where did these proteins come from? Do
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Table 1. Yeast Strains
Strain Genotype Source/Reference
JD51 Mat a/a; ura3-52/ura3-52; leu2-3, 112/leu2-3, 112; trp1D63/trp1D63; A. Varshavsky
lys2-801/lys2-801; his3D200/his3D200
YPH274 Mat a/a; ura3-52/ura3-52; leu2D1/leu2D1; lys2-801/lys2-801trp1D1/trp1D1;; P. Heiter
his3D200/his3D200; ade2-101o/ade2-101o
YPH274DSEN2 Mat a; ura3-52; leu2D1; lys2-801; trp1D1; his3D200; ade2-101o; SEN2::HIS3 and This study
YpH8/FLAG SEN2
CRT44 Same as YPH274DSEN2 except contains YpH8/FLAG SEN2 This study
CRT54 Same as JD51 except SEN54::HIS3/SEN54 This study
CRT34 Same as JD51 except SEN34::kanMX6/SEN34 This study
CRT15 Same as JD51 except SEN15::S. pombe HIS3/SEN15 This study
HF7c Mat a; ura3-52; leu2-3, 112; lys2-801; trp1-901; his3D200; ade2-101o; gal4-9542; Feilotter et al., 1994
gal80-538; LYS2::GAL1UAS-GALTATA-HIS3; URA3::GAL417merx3-CYC1TATA-lacZ
Y527 Mat a; ura3-52; leu2-3, 112; lys2-801; trp1-901; his3D200; ade2-101o; gal4-9542; Bartel et al., 1993
gal80-538; URA3::GAL417merx3-CYC1TATA-lacZ
contains an open reading frame coding for the 377 amino acid SEN2 SDS. The eluate was directly injected into Swiss Webster mice per
the protocol of Susan Ou of the Caltech Monoclonal Antibody Fa-gene plus 250 base pairs in the promoter region and 345 base
pairs of downstream region. pC10 was capable of complementing cility.
SDS±PAGE was performed on 10%±20% gradient gels (Biorad).a knockout of the SEN2 ORF.
YpH8/FLAG was prepared by PCR of the CUP1 promoter, from Proteins were transferred to PVDF (Immobilon) by semidry transfer
(Biorad). Western blots were performed as described by Harlow andJD51, to allow cloning of the CUP1 promoter into the HindIII/EcoRI
site of pBluescript (Stratgene). This plasmid was then digested with Lane (1988) and were visualized by enhanced chemiluminescence
(ECL, Amersham) (Harlow and Lane, 1988).XbaI, filled in, and cut with PstI, and the PstI±NaeI fragment from
pGBT9 (from S. Fields), containing the ADH1 terminator sequence,
was cloned into this site, yielding pBSCUP/TERM. This plasmid was
Endonuclease Assay
then cut with HindIII/SacI, and the resulting fragment was subcloned
Endonuclease was assayed by incubation of 2 ml of extract for a
into pRS424 (Sikorski and Hieter, 1989), to yield YpCUP/TERM. This
specified amount of time at 308C in a 10 ml reaction containing 20
plasmid was cut with NdeI and EcoRI, and the HIS/FLAG linker was
mM Na-HEPES (pH 7.5), 5 mM MgCl2, 2.4 mM spermidine-HCl (pHcloned into this site, generating YpH8/FLAG. YpH8/FLAG SEN2 was
7.5), 0.1 mM DTT, 0.4% Triton X-100, and 10 fmol pre-tRNAPhe body-prepared by digestion of pGBT9-SEN2 with EcoRI and PstI, gel
labeled with [a-32P]UTP (specific activity z500 cpm per fmol tRNA)
isolation of the fragment containing SEN2, and subcloning into
by T7 polymerase transcription according to Sampson and Saks
EcoRI/PstI-digested YpH8/FLAG. YpH8FLAG SEN34 was prepared
(1993). RNA products were phenol/chloroform extracted, precipi-
by digestion of pGBT9-SEN34 with EcoRI and PstI, gel isolation of
tated, and fractionated on a 10% polyacrylamide gel containing 8M
the fragment containing SEN34, and subcloning into EcoRI/PstI-
urea. Gels were exposed to phosphorimager for 8 hr.
digested YpH8/FLAG. Oligonucleotide-directed mutagenesis was
performed on single-stranded YpH8/FLAG-SEN34 to effect an
H242A mutation according to the protocols provided by the manu- Purification of tRNA Endonuclease
Purification of endonuclease was carried out utilizing three separatefacturer (Amersham).
Two-hybrid vectors were prepared by cloning PCR products of purification strategies. The first is described by Rauhut et al. (1990).
This protein was used to obtain the gene for the 34 kDa subunit.SEN15 (oligosSEN15-N 59-GGAATTCGCAACGACAGATATCATATC-39
and -C 59-TTCTGCAGATCTTCAATTTCTTTTCGGTTTTCG-39), SEN54 Affinity purification was carried out utilizing yeast strain CRT44
grown by fermentation at 308C. The cells were harvested and stored(oligos SEN54-N 59-GGAATTCCAATTCGCTGGGAAG-39 and -C 59-TTC
TGCAGTTAATGCTTCTTCCATCTTTG-39), SEN2 (oligos SEN2-N 59-GGA at 2708C. All subsequent steps were performed at 48C. Yeast cells
(150 g) resuspended in 1.53 breaking buffer (37.5 mM Tris [pH 8.0],ATTCATGTCTAAAGGGAGGG and -C 59-CGGGATCCCAATGAAA
AGTTTAGAGC) and SEN34 (oligos SEN34-N 59-CGGAATTCGGG 15% (v/v) Glycerol, 5 mM B-ME, 1 mM EDTA, 0.1% (v/v) Triton X-100,
405 mM NH4SO4) to 300 ml was ground in a Bead-Beater (Bio-ATCCATATGCCACCGCTAGTATTTGAC-39 and -C 59-CGGGATCCC
GGGAAGCTTAACCAAATCCAGCCC-39) digested with EcoRI and Spec Corp) for 2031 minute intervals, and Triton X-100 (Boehringer-
Mannheim) was added to 1%. The extract was incubated for 1 hrBamHI and cloned into EcoRI/BamHI-digested pGBT9 and pGAD424
(Hannon and Bartel, 1995) (these constructs were sequenced). and then centrifuged (40,000 rpm 3 1.5 hr). The supernatant was
loaded onto a 300 ml DEAE±Sepharose CL-6B equilibrated in 13
breaking buffer 1 1% Triton X-100. DEAE effluent was diluted ap-Antibodies and Western Blots
Polyclonal antibodies to Sen34p were produced by injection of proximately 3-fold and loaded onto a 100 ml Heparin-HyperD (Bio-
Sepra) column equilibrated in buffer A (25 mM MOPS [pH 7.1], 10%rabbit (CoCalico Biosciences) with peptides NH2-DKTTAEELQRLDK
SSC-COOH and NH2-DIRSDSDSLSRDDIC-COOH. Polyclonal anti- Glycerol, 1 mM EDTA, 5 mM BME, 0.9% Triton X-100, 100 mM NaCl),
at 1 ml/minute. The column was washed with 500 ml buffer B (25mMbodies to Sen2p were produced by injection of rabbits with peptide
derived from the C terminus of Sen2p (NH2-MSKGRVNQKRYPLC- Tris [pH 8.0], 10% Glycerol, 5mM BME, 0.3% Triton X-100, 150 mM
NaCl). A 2 3 200 ml gradient of 0.1±0.8 mM NaCl in buffer B wasCOOH). All peptides were produced by the Caltech Peptide Facility.
The antibodies were used directly in rabbit serum at the indicated applied. Active fractions were pooled and bound in batch to 5 ml
of Ni-NTA agarose (Quiagen, equilibrated in buffer B) for 1.5 hr. Thedilution. Polyclonal antibodies to both Sen54p and Sen15p were
prepared in the following manner: antigen was derived from purifica- suspension was poured into a 2 3 10 mm column and washed
extensively with 5 ml of each of the following buffers: buffer Ntion of HIS8/FLAG-tagged protein from E. coli. Each gene was
cloned into the EcoRI/PstI site of YpH8/FLAG by subcloning from (25mM Tris±HCl [pH 7.5], 150 mM NaCl, 10% Glycerol, 5 mM
B-mercaptoethanol, 0.3% Triton X-100) 1 650 mM NaCl 1 15 mMpGBT9 SEN54 and pGBT9 SEN15. Each construct was then cut with
NdeI/PstI and subcloned into Pet11a. Purification was carried out imidazole; buffer N 1 650 mM NaCl 1 20mM imidazole; buffer N 1
20 mM imidazole; buffer N 1 40 mM imidazole. Endonuclease wasunder denaturing conditions by Ni-NTA chromotography as sug-
gested by Qiagen. Protein eluted from the Ni-NTA resin was gel eluted in Buffer N 1 150 mM imidazole. The eluate was loaded
onto a 1 ml M2 monoclonal anti-FLAG antibody column (Kodak)purified by Prep-Cell Chromatography (Biorad) per the manufactur-
er's suggested protocol with elution into buffer containing 0.05% equilibrated in Buffer N. The column was washed in buffer N and
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eluted with Buffer N 1 150 mg/ml FLAG peptide. This endonuclease Baldi, M.I., Mattoccia, E., Bufardeci, E., Fabbri, S., and Tocchini-
Valentini, G.P. (1992). Participation of the intron in the reaction cata-was used to prepare the 54 kDa subunit.
lyzed by the Xenopus tRNA splicing endonuclease. Science 255,A modified purification protocol was developed to prepare the 15
1404±1408.kDa subunit and purification of mutant containing endonuclease.
Yeast cells (strain CRT44 or as indicated in the text) were resus- Bartel, P.L., and Fields, S. (1995). Analyzing protein±protein interac-
pended and broken as above. The extract was then spun at 40,000 tions using 2-hybrid system. Meth. Enzymol. 254, 241±263.
rpm 3 2 hr to pellet the nuclear membranes. The pellet was resus- Belford, H.G., Westaway, S.K., Abelson, J., and Greer, C.L. (1993).
pended in 50 ml of Buffer R (50 mM Tris [pH 7.5], 150 mM NaCl, Multiple nucleotide cofactor use by yeast ligase in tRNA splicing:
5% Glycerol, 1 mM EDTA, 5 mM BME, 0.9% Triton X-100) and evidence for independent ATP- and GTP-binding sites. J. Biol.
incubated for 1 hr. The extract was subjected to centrifugation as Chem. 268, 2444±2450.
before and the supernatant was loaded directly onto a 2.5 ml M2
Biniszkiewicz, D., Cesnaviciene, E., and Shub, D.A. (1994). Self-monoclonal anti-FLAG antibody column. The column was washed
splicing group-I intron in cyanobacterial initiator methionine tRNA:with buffer R, and endonuclease was eluted with Buffer S (30 mM
evidence for lateral transfer of introns in bacteria. EMBO J. 13,
Tris [pH 8.0], 500 mM NaCl, 10% Glycerol, 5 mM BME, 0.3% Triton
4629±4635.
X-100, 5 mM Imidazole) containing 150 mg/ml FLAG peptide. The
Bult, C.J., White, O., Olsen, G.J., Zhou, L.X., Fleischmann, R.D.,elution was incubated with 1 ml of Ni-NTA agarose, equilibrated in
Sutton, G.G., Blake, J.A., Fitzgerald, L.M., Clayton, R.A., Gocayne,Buffer S, for 1.5 hr and poured into a 3 ml column. The column was
J.D., et al. (1996). Complete genome sequence of the methanogenicwashed with Buffer S 1 40 mM imidazole, and endonuclease was
archaeon, Methanococcus jannaschii. Science 273, 1058±1073.eluted in Buffer S 1 150 mM imidazole.
Burggraf, S., Larsen, N., Woese, C.R., and Stetter, K.O. (1993). An
intron within the 16S rRNA gene of the archaeon Pyrobaculum aero-Protein Sequencing
philum. Proc. Natl. Acad. Sci. USA 90, 2547±2550.Three separate procedures were utilized for sequencing the sub-
Cech, T. (1993). Structure and mechanism of the large catalyticunits of endonuclease. In all three cases, protein was submitted as
RNAs: group I and group II introns and ribonuclease P. In RNAa gel slice with various amounts of protein in each. For the 34 kDa
World, R.F. Gesteland and J.F. Atkins, eds. (Cold Spring Harbor,subunit, 25 mg of protein was submitted to the protein sequencing
NY: Cold Spring Harbor Laboratory Press), pp. 239±270.facility at Cold Spring Harbor and was digested in-gel with lysyl-
Cox, J.S., and Walter, P. (1996). A novel mechanism for regulatingendoprotease, followed by extraction and HPLC purification of the
activity of a transcription factor that controls the unfolded proteinresulting peptides following the protocols of the facility (Dan Mar-
response. Cell 86, 391±404.shak, personal communication). Fractions containing single peaks
were sequenced by Edman degradation. Culver, G.M., McCraith, S.M., Zillmann, M., Kierzek, R., Michaud,
For the 54 kDa subunit, 5 mg of protein was digested in-gel with N., Lareau, R.D., Turner, D.H., and Phizicky, E.M. (1993). An NAD
trypsin as described by Hellman et al. (1995) (Hellman et al., 1995), derivative produced during tRNA splicing: ADP-ribose 199-299 cyclic
except that 0.3 mg of Promega modified pig trypsin and speedvac phosphate. Science 261, 206±208.
drying of the gel slice was used. Peptides were HPLC purified, and Di Nicola Negri, E., Fabbri, S., Bufardeci, E., Baldi, M.I., Gandini
fractions containing single mass peaks, as determined by mass Attardi, D., Mattoccia, E., and Tocchini-Valentini, G.P. (1997). The
spectrometry on a Voyager Mass Spec, were submitted for Edman eucaryal tRNA splicing endonuclease recognizes a tripartite set of
Degradation sequencing on an Applied Biosystems sequencer (Gary RNA elements. Cell, this issue.
Hathaway, personal communication). Fields, S., and Song, O.K. (1989). A novel genetic system to detect
For the 15 kDa subunit, 5 mg of protein was submitted to the protein±protein interactions. Nature 340, 245±246.
protein sequencing facility at the City of Hope (Duarte, CA) for in-
Gietz, R.D., and Schiestl, R.H. (1995). Transforming yeast with DNA.gel trypsin digestion, followed by peptide sequencing utilizing a
Meth. Mol. Cell. Biol. 5, 255±269.
Beckman LC/MS-MS protein sequencer (K. Swiderek, personal
Greer, C., Javor, G., and Abelson, J.N. (1983). RNA ligase in bacteria:communication). Data obtained was used to search the yeast ge-
formation of a 29,59 linkage by an E. coli extract. Cell 33, 899±906.nome database.
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